ABSTRACT: Focal hand dystonia is a disorder in which sensory and motor anomalies emerge that appear to be grounded in maladaptive routes of cortical plasticity. Remodeling cortical networks through sensory-motor retuning (SMR), we achieved long-term reduction in the symptoms of focal hand dystonia. Magnetoencephalography confirmed that SMR modified the representational cortex of the fingers, whereby the representation of the affected hand was reorganized so that it resembled more the organization of the non-affected side. Furthermore, we observed differences in abnormal tactile acuity between patients with musician's cramp and those with writer's cramp: Using twopoint finger discrimination, dystonic musicians showed perceptual asymmetry between hands, while writer's cramp patients did not. To further evaluate the occurrence of collateral disturbances in focal dystonia, we assessed the clinical histories of 101 affected musicians. An important finding from this study was that dystonic musicians who play a similar first and second instrument reported a continuous worsening of their symptoms. In addition, collateral disturbances appeared with a shorter delay when more than one instrument was played. Taken together, these studies suggest that (1) neurological dysfunction can be reversed by context-specific training protocols, (2) specific symptomatic and etiological differences among various forms of focal hand dystonia might result from different behavioral experiences and their central representation, and (3) the spread of symptoms might be prevented by avoiding training that implies movement patterns similar to the main affected task, and by reducing the amount of task-associated movement behavior.
INTRODUCTION
Focal hand dystonia in musicians, also termed "musician's cramp," is a greatly feared condition that leads to reduced performance levels 1 and usually the termination of a musician's career. The illness is a sensorimotor disorder characterized by a loss of control over individual finger movements, especially during specific actions related to playing a given musical instrument. Hand dystonia seems to be caused or at least related to the excessive performance of repetitive activities 2 and has been treated in different ways, including physical therapy, prolonged rest, anticholinergic drugs, and botulinum toxin. 3 -7 Nevertheless, these treatments have not induced long-term improvements 1, 8 even though isolated observations suggest that electromyographically guided botulinum toxin injections may have led to lasting reductions in symptoms in some of the musicians treated. 9 Animal models have shown that repeated and prolonged use of the contralateral hand results in changes in the functional organization of the motor 10 and the primary sensory cortex. 11 Similarly, changes have been observed in the sensory cortical organization of violinists, 12 and in the motor cortex of piano learners. 13 Changes in auditory cortex of pianists 14 and trumpeters 15, 16 have also been reported. It is thought that these changes underlie musical ability. However, it also seems possible to drive practice-induced changes in brain organization into the maladaptive range, a phenomenon that has been associated with focal hand dystonia. [17] [18] [19] [20] Observed sensory anomalies suggest that focal dystonia is not simply a motor problem, 21 because abnormalities extend beyond the particular task affected [22] [23] [24] and can be measured even during passive tactile stimulation. [25] [26] [27] [28] Abnormal sensory processing, for instance, has been repeatedly demonstrated, [27] [28] [29] [30] [31] [32] and it seems likely that these changes might contribute to the emergence of the disease. FIGURE 1. In sensory-motor retuning (SMR), a special device is used to splint fingers in such a way that dystonic movements can be avoided while practicing. It is important that the fingers can be splinted in positions that are similar to those adopted during normal playing. (Modified from Candia et al. 35 )
FIGURE 2.
Focal hand dystonia is a condition in which voluntary control of the fingers is lost (left). After SMR, performance levels clearly increased (right). These changes correlated with the movement smoothness of the affected fingers, as measured with a displacement dexterity device (lower panel). 3 
RESULTS
To evaluate the occurrence of collateral disturbances in focal dystonia, we assessed clinical histories of 101 affected musicians. 33 A prominent finding was that dystonic musicians playing a similar first and second instrument (e.g., guitar and electric bass) reported continuous worsening of symptoms, whereas musicians playing only one or two rather different instruments (e.g., guitar and clarinet) did not show such a deterioration. In addition, generalized disturbances appeared with a longer delay (75% of cases) when only one instrument was played.
Assuming that (a) deviant brain organization contributes to focal hand dystonia and (b) motivated training can retune such brain abnormality, we developed a context-specific behavioral intervention, which we called sensory-motor retuning or SMR. 34, 35 All subjects treated so far presented with a chronic condition and had received diverse prior treatments for their symptoms, which, however, had resulted in little or no relief. In SMR therapy, a hand splint immobilizes one or more finger(s), allowing different permutations of finger movements on the musical instrument for short periods of time (FIG. 1) .
Repertoire practice without a splint is also added in order to accomplish the transfer of the exercise-induced improvement into the real-world environment. Supervised treatment is administered for eight consecutive days for 1.5 to 2.5 hours per session, depending on the patient's fitness. 35 We assessed the treatment outcomes with a device that continuously measures finger displacements and a subjective dystonia evaluation scale (DES). 36 Pianists and guitarists visibly improved from pre-to posttreatment ( see FIG. 2 ). Follow-up proceeded for 3 to 25 months, suggesting that these results are long term. By contrast, the wind players did not improve. The subjective ratings and the clinical evaluation correlated with the findings obtained from the dexterity and displacement device. Thus, the movements of the dystonic fingers were smoother after SMR, indicating enhanced motor control.
To assess whether SMR would also induce observable alterations in the organization of the somatosensory cortex of the treated musicians, we studied the finger representations in somatosensory cortex in 10 patients pre-and posttreatment, using magnetoencephalography (MEG). We correlated post-and pretreatment differences between the displacement dexterity device and the patients' subjective ratings. We also correlated the difference pre-to posttreatment for the data collected with the displacement dexterity device with the difference pre-to posttreatment of the MEGrecorded dipole moment for the dystonic fingers. In addition, we calculated the cortical area of a triangle comprising the dystonic finger and its right and left neighboring fingers. These calculations showed that (1) prior to treatment, somatosensory relationships of the individual fingers differed between hands; (2) following treatment, the finger representations contralateral to the dystonic side were similar to the representation of the less affected side; (3) somatosensory finger representations were more ordered according to homuncular laws following treatment (FIG. 3) ; and (4) the predefined dystonic area was significantly smaller for the nontreated hand before treatment and was reduced for the dystonic hand after treatment. 37 These physiological changes correlated well with the behavioral data.
To assess tactile perceptual symmetry between hands, we measured two-point finger discrimination in musicians affected in the right hand and compared the find- The areas of the brain that represent different fingers had centers that were further apart on the affected hand before treatment (left).
After treatment this relationship and even the amount of brain activity responding to stimulation of the most affected finger became more normal (right). 37 These changes were associated with better performance on the instrument (see also right panel
ings with results in patients with writer's cramp. 38 Only the dystonic musicians showed perceptual asymmetry between hands (FIG. 4) . The spatial discrimination within a defined dystonic area following the same criteria used in the MEG study revealed perceptual asymmetry within but not out of this area. Writer's cramp patients and their control group did not show such changes.
DISCUSSION
The reported data are consistent with a variety of studies that suggest that cortical organization may be modified through extensive use. [39] [40] [41] Our results confirm that cortical changes, together with emergent neurological dysfunction, can be redressed by context-specific treatment. In addition, the use of a movement intervention capable of producing measurable changes in the cortical organization of sensory areas underscores the tight relationship between sensory and motor systems. This might explain the diverse anomalies reported at different levels of the sensorimotor system of the affected patients by different research groups.
It has been suggested that changes in the sensorimotor system of focal hand dystonia patients may not be exclusively limited to task-relevant stimulation but may instead be a more generalized phenomenon. [22] [23] [24] 32 In agreement with this notion, our data for musicians suffering from focal hand dystonia showed that changes in the symmetry of the static two-point threshold appear to be part of a more general profile of sensory anomalies: for the instruments being played by our patients, simultaneous two-point discrimination does not seem to be a task of relevance. Conspicuously, the assessments of the 101 affected musicians revealed that those playing similar instruments (containing similar kinematics) experience continuous aggravation of their symptoms. Moreover, those playing more than one musical instrument developed collateral disturbances faster, suggesting that increasing the degree of task similarity and the amount of practice devoted to such tasks may be crucial for worsening of symptoms. We, therefore, speculate that manual activities containing similar kinematics may lead to dystonic disturbances at some point. It is not the general reduction of muscular afferents from the affected limb 42 but the specific reduction of activities containing similar kinematics that will most probably contribute to a limitation of the symptoms to a particular task, making them more amenable to context-specific interventions, such as sensory-motor retuning.
